I. INTRODUCTION
Air Mass Zero, AM0, calibrated subcells are critical to the laboratory measurements of solar cells for on-orbit applications [1] .
Present facilities capable of supporting calibration measurements of the short circuit current, I sc , at or near AM0, include the CNES high Altitude facility, CASOLBA [2] , and the NASA GRC Lear Jet [3] . A new facility, NSCAP, is under development for use with NASA High Altitude balloon program [4] . According to ISO 15387 [5] , an error analysis for the NSCAP facility must be performed. Jenkins et al [6] performed an analysis for the Aircraft Method of calibration used at NASA Glenn. However, procedures have changed somewhat since then, and it is appropriate to include those considerations in this work. The purpose of this paper is to examine and quantify some of the atmospheric sources of error and uncertainty for the NSCAP program. It also includes modeling and calculations relevant to other altitudes. The evaluation of 0.2 to 0.1 Atm is interesting for the NASA Glenn Lear Jet Facility, since it provides a test of how well the Langley Plot works for aircraft flown solar cells. Round robin comparison of agreement between the various calibration methods is at the 1% level [7] . For instance four 0.5% uncertainties leads to a 1% uncertainty, or four 0.1% uncertainties leads to a 0.2% uncertainty. Either case suggests uncertainties < 0.1% are largely negligible while the causes of uncertainties >0.1% warrant some attention to maintain a better than 0.5% calibration system.
Three types of sub-cells, common to triple junction solar cells are examined: top InGaP cells, middle GaAs cells, and Bottom Ge cells. While the analysis is specific for the spectral response of specific solar cell types, small variations will produce insignificant differences.
This analysis investigates several atmospheric parameters: pressure, ozone, and water vapor. The treatment of the scattered "global" component of the spectrum is not considered here, since its treatment depends largely on the system design, i.e whether collimation or shading used. The measurements take place in a tenuous atmosphere and it is assumed to be negligible. Nor is scattering/absorption by aerosols or dust considered. The pressure portion of the analysys includes uniformly mixed gasses and Rayleigh scattering. In addition, a few other influences are examined: cell temperature, pointing angle, and incident solar radiation.
II. ANALYSIS
A. SPECTRL2 For this analysis the program SPECTRL2, available from NREL [8] , is used to calculate absorption in the near UV, visible and near IR portions of the spectrum. This is a coarse resolution model, but includes the basic Beer's law scattering and absorption physics. It includes: Rayleigh scattering, H20, Ozone, Mixed Gasses absorption, and Aerosols (not used here). Absorption coefficients are illustrated in Fig. 1 . It is designed for use near the ground, so only the "Direct" intensity is used, not the Total "Direct+Global" intensity, The parameters not being used in the course of a calculation are turned off, to give the AM0 spectrum modified by the component of interest. Since the interest is in fractional changes in cell performance, instead of absolute cell performance, this approach provides sufficient fidelity to assess the major absorption effects. Three types of Triple Junction solar cell sub-cells are analyzed: InGaP, GaAs, and Ge. The spectral response data for the subcells shown in Fig. 2 , was obtained at NASA Glenn in the early 2000's, so these are not state-of-the-art cells. The resolution is coarse, mostly at 50 nm intervals, much coarser than the SPECTRL2 resolution. I sc is calculated via a convolution of spectral response, S λ , with the solar spectral irradiance (I λ /A), I sc /A= Σ λ S λ *I λ /A*dλ
B. Solar Cell Types
The results for the AM0 irradiance are given in Table I . This is not for an earth-sun distance of R se = 1.0 a.u., but for relative comparisons is acceptable.
C. Pressure
The dependence of Isc on pressure is shown in Table II . The calculation includes Rayleigh scattering, and mixed gasses absorption, including N 2 , O 2 etc. It shows that the light attenuation has the most impact on the most blue sensitive top cell, as expected from Rayleigh Scattering. At High Altitude balloon pressures, >115 kft, the top cell current is reduced by less than 0.1%. At ¼ atmosphere, 250 mb, the top cell has lost 4% of its current. This does not include a non-zero sun zenith angle extension of the optical path. Ozone, in general is not distributed uniformly with pressure. Since it is created by solar ultraviolet light interacting with atmospheric Oxygen, it can be described in a conceptual model as being uniform with pressure at high altitudes, until the UV begins to be attenuated and the ozone density relative to pressure declines. While the details of the chemistry are more complicated than this, this simple description gives some ideas of how to organize the non uniform atmospheric effects. Table 3 tabulates the ozone related I sc reduction with both pressure and Ozone column number. The distribution with pressure is taken from "TOMS Version 7 Standard Ozone Profiles" [9] which includes a layered tabulated model of ozone number vs. pressure for low, mid-, and high latitudes for a range of total ozone numbers. The table also neglects the solar zenith angle optical path changes.
E. Water Vapor
Water has extremely strong absorption bands in the infrared. It has almost no effect on the top and middle junctions but can influence the bottom junction. Dessler [10] indicates the proportion in the Stratosphere is 4.5 to 7 ppmv. Table IV assumes a uniform water distribution, proportional to pressure of 5 ppmv, or ppm number, not weight. An uncertainty is then expected of about 22%, in the water column for an altitude. Errors at high altitudes are 0.1% to 0.2%. In traditional Triple junction design the cell is current limited by the top cell. The bottom cell is current rich, and its operating voltage changes little with cell operating conditions. Even though water may have a significant impact on the sub-cell measurement, in practice the resulting laboratory measurement is affected little. Table V simply looks at the temperature coefficient of the material, using that to estimate the uncertainty. An uncertainty in temperature of ±1C generally gives an uncertainty of <0.1%. However, if the measurement is extrapolated to a new temperature, in addition to the temperature uncertainty, the temperature coefficient, CT, uncertainty should be included. ). For large temperature extrapolations, ΔT, the temperature coefficient, σCT, uncertainty may dominate. For methods that control the temperature, the temperature uncertainty is an important concern.
G. Total Solar Irradiance
Throughout the solar cycle the intensity of the sun fluctuates somewhat as shown in Figure 3 [11]. Also during non-solar minimum periods the intensity also fluctuates on a daily to weekly basis as sunspots and faculae evolve on the solar surface. Data from ACRIM (Active Cavity Radiometer Irradiance Monitor) and similar instruments have been assembled into composites illustrating the historic solar irradiance as shown below. This shows an approximate 1. 
H. Pointing Angle
The solar intensity is proportional to cosine of the angle between sun and the normal to a surface. This suggests small errors in pointing are tolerable. Pointing accuracy of 1.8° gives 99.95% full intensity. 2.6° gives 99.9% of full intensity, and 5.7 gives 99.5% of full intensity. 2° pointing accuracy may be reasonable and gives sufficient accuracy of <0.1%.
III. DISCUSSION
The errors due to atmospheric effects are mostly at the 0.1% level or better for data taken at altitudes higher than 5 mbars.
A. Langley Plots
Langley plots extrapolate a series of data based on Optical Air Mass, or absorptive path length, to zero air mass, pressure or path length. It is based on Beer's Law, I(ma) = I0 exp(-ma*k) where I0 is the Air Mass zero intensity, ma is the Air mass, and k is an extinction coefficient. It is not strictly true due to non-uniformity of the atmosphere, and the spectral dependence of k. However, for the Aircraft calibration method, the extrapolation appears to work well. The calculations above give an opportunity to test how well the extrapolation can be expected to work. This examination looks at two portions of the Stratosphere, the lower stratosphere, from about 250 mbars to 100 mbars, appropriate to the aircraft method, and a mid stratosphere region, 30 to 10 mbars. This mid-level region may be of interest for small high altitude balloon payloads. The Langley Plot extrapolation due to pressure dependent Rayleigh and uniformly mixed gases, shown in Table VI , appears to work well, based on calculations of relative I sc . The mid-level extrapolations return to unity to within 0.015%. For the Top and bottom cell in the lower stratosphere the agreement is also within 0.015%. For the middle cell the O2 absorption line near 760 nm is strong and has some detrimental effect. However the extrapolation is still within 0.15%.
B. Pressure

C. Ozone
The ozone extrapolation is complicated because of its nonuniform distribution in the atmosphere. As the ozone producing UV wavelengths are absorbed the fractional ozone density is reduced. This causes the Langley Plot with pressure, or Air Mass, to begin to level off at higher pressures as shown in Table 3 . It is clear that the top sub-cell is most influenced by Ozone absorption.
By rescaling the Langley Plot by Ozone number instead of pressure, Table VII shows that if the Ozone distribution is known, an extrapolation can be quite successful.
In the mid stratosphere, where the ozone distribution is more uniform, above the big drop in ozone creation in the lower stratosphere, extrapolation by pressure works well again as shown in Table VIII . This suggests a separate accounting for ozone is not needed for Langley plots in the 30 to 16 mb region. Applying a pressure based extrapolation, where the ozone distribution is expected to be more uniform is accurate to better than 0.05%, which is quite practical. The water vapor absorption is strong in the infrared. While the middle and top cells are unaffected, the bottom cell is affected significantly, with 2% reductions in I sc . From the curvature in the Langley plot it is apparent that the Beers law assumption is breaking down. Table IX shows the error introduced is about 0.11% for the mid-stratospheric extrapolation to AM0, and is negligible. However, lower stratospheric error is over 0.7%, and should be modeled.
D. Water Vapor
D. Error Analysis
In this section the errors and uncertainties will be summarized. Those less than 0.05% will be ignored.
The primary point of Table X is that these errors are small compared to the accuracy of the measurements. The spectral sources of error at high altitude are small. The ozone column based Langley extrapolation does not introduce error. The bottom cell measured at low altitude includes some offset due to water vapor.
E. Uncertainties
Table XI includes estimates of uncertainties for various mechanisms. With a few exceptions these are described previously in the text. The Ozone uncertainties are due to structure in the distribution that is not included in the coarse model used. Also the in the calculations above a specific total ozone number of 350 Dobson units is used. In practice it can vary from 250 to 450. The modeling that is performed in Lear flight data analysis includes the variation as measured daily by satellite. The structure of the ozone distribution is assumed to be a major cause of the flight-to-flight variation observed.
The temperature uncertainties are assumed to be entirely due to a temperature measurement of ±1C. It does not include uncertainties due to extrapolating the temperature dependence to Laboratory temperatures.
F. Flight-to Flight Variations.
NASA Glenn has a series of data indicating variations of multiple calibration measurements of some cells [12] . This is shown in figure 4 .
In figure 4 , the "ISO number" simply indicates individual cells. The Triple Junction cells and Top cells are expected to behave similarly since the Triple Junction cell is current limited by the top cell. Of 22 top and Triple Junction flights the standard deviation was 0.51% with a maximum deviation of 1.5%, of 7 middle cell flights the standard deviation was 0.1% with a maximum deviation of 0.13%. And of 12 bottom cell flights, the standard deviation was 0.2% with a maximum deviation of 0.4%.
For top cells, because the standard deviation is less than half the maximum deviation, we claim an estimated standard deviation of 0.75%.
IV. CONCLUSIONS
The atmospheric and environment related error are generally estimated to be less than 0.2%. High altitude uncertainties are also less than 0.2%. This does not include uncertainties in temperature extrapolation from flight temperatures to 25C or 28C, which should be evaluated based on temperature coefficient uncertainties. Accuracies of a few tenths of a percent are a reasonable goal for high altitude solar cell calibrations.
Water vapor affects measurements of the bottom cell in the aircraft method. However, since the bottom cell is usually designed to be current rich, it should not have much impact on ground measurements. This may be of concern to multijunction cells beyond three junctions. It may be possible to use weather service dew point measurements to improve this analysis.
The Langley Plot method is demonstrated to compensate for the atmospheric absorption losses in the lower altitude methods in most cases.
Compensating for the ozone distribution in principle can be effective, but variations in the actual distribution from the model produce some uncertainty.
